A gold (Au) micro-interconnection, which connects through-hole electrodes in a three-dimensional chip-stacking LSI, is composed of several tens of grains. If the size of the interconnection becomes small in comparison with the grain, the anisotropic property of grains influences mechanical reliability. In this study, the stress distribution in the Au micro-interconnection is investigated by finite element method (FEM) analysis. The crystallographic structure of the Au micro-interconnection is obtained by a three-dimensional simulation based on a nucleation and growth model. The FEM analysis shows that the stress is concentrated on the region near the micro-interconnection/substrate interface edge and that a stress singularity exists there. The stress distribution of the micro-interconnection varies because of microscopic factors, which are due to the shape and crystallographic orientation of grains. Statistical evaluations of plural analytical models show that the stress variation approximates a normal distribution.
Introduction
In recent years, three-dimensional stacking of elements in an LSI (Large Scale Integration) circuit according to a flip-chip packaging technology has received particular attention because of the acceleration of function and downsizing of the chip. In the LSI, devices are connected by gold (Au) micro-interconnections (1) - (5) (See Fig. 1 ). Since the micro-interconnections are sandwiched between the silicon chips and are surrounded by resin layers, the stress concentration due to deformation mismatch often brings about crack initiation. In addition, during service the micro-interconnections are loaded by vibration or heat. Although the loading is homogeneous on the macroscopic scale, on the microscopic scale an inhomogeneous stress distribution is generated by the constituent grains in the interconnection. In the cyclic deformation of polycrystalline metals, the strain localization that induces crack initiation is governed by the elastic stress field due to the deformation anisotropy of the grains (6) - (8) . Thus, estimating the microscopic stress field is important for evaluating the reliability of the stacking LSI.
In this study, a finite element method (FEM) analysis is conducted for a future Au micro-interconnection with the size of 10 µm. Then, statistical stress-variation in the micro-interconnection is investigated using plural models with different grain shapes and crystallographic orientations. Figure 2 shows an FEM model, which imitates the Au micro inter-connection illustrated in Fig. 1 . The model is cubic with a side length of L=10 µm, and the silicon chips are assumed to be rigid bodies. The resin layer surrounding the model is excluded, because its Young's modulus is negligible small. Two kinds of models are prepared in this study; one is composed of multiple grains, and the other is made of an isotropic, homogeneous body. Hereinafter, they are designated "multi-crystalline model" and "homogeneous model," respectively. The grains in the former are prepared by a three-dimensional simulation based on the "nucleation and growth model" (9) - (11) . The outline of the simulation is described as follows.
Analytical Model
1. A micro-interconnection, where the grain growth area is located, is divided into small cubic lattices with side length l. The number of the grain nuclei in a unit volume, r n , is given, and nucleation position and crystallographic orientation are determined at random. (Fig. 3(a) ) 2. All nuclei nucleate at the same moment and grow at a constant velocity. (Fig. 3(b) ) 3. Grain growth is represented by the sequential occupation of the small cubic lattices.
When adjacent small cubic lattices are occupied by different grains, an interface is formed between the lattices as a tentative grain boundary. (Fig. 3(c) ) 4. After the grains occupy the micro-interconnection, the stepwise grain boundaries are reformed into planar grain boundaries. (Fig. 3(d) )
Using L and the number of grain nuclei, n r , r n is represented as follows:
(
In this analysis, r n =0.02 µm 3 is adopted, on the basis of the observation with electron backscattering pattern (EBSP) of an Au micro inter-connection having a diameter of several tens of micro meters. The length of the small cubic lattice l is chosen as l/L=10 -2 so that the size does not influence the result of the simulation. Figure 4 shows the shape of the grains in the multi-crystalline model. This simulation can provide analytical models of micro inter-connection composed of multiple grains with random shapes and random crystallographic orientations.
Analytical Condition
Considering the crystallographic orientation of each grain, the elastic constants of an Au single crystal (C 11 =186.0 GPa, C 12 =157.0 GPa, C 44 =42.0 GPa) are used in the multi-crystalline model. In contrast, in the homogeneous model, the magnitudes of Young's modulus and Poisson's ratio of Au polycrystal are E=78.0 GPa and ν=0.46, respectively. Stress is analyzed by a commercial three-dimensional FEM, ABAQUS 6.5-1. The regions near the grain boundaries where stress concentration is expected are divided into fine meshes by MSC/Patran 2003 r2, where the width of the minimum mesh is 5.25×10 -3 µm. A perfect bonding condition is imposed on the grain boundaries. The bottom face of the inter-connection is constrained, and a uniform displacement, u z , is applied to the top face (Fig. 5) . The nominal stress, σ 0 , is defined as the average of z-directional normal stresses at the nodal points on the top face. Figure 6 shows the distribution of Mises equivalent stress, which is normalized by the nominal stress, σ 0 , in the multi-crystalline model, where the four side surfaces, the top face, and the bottom face are designated "Sides 1-4", "Top", and "Bottom", respectively. Stress concentrates on the regions near the interface edges where the dissimilar interfaces (Top and Bottom) meet the side surfaces (Sides 1-4), and remarkably higher magnitudes appear near the vertexes of the micro inter-connection. This is the stress concentration due to the macroscopic factor called "free edge effect", which also emerges in the homogeneous model. Meanwhile, high stress exists near the junctions between the dissimilar interface edge and the specific grain boundary. This stress concentration is induced by microscopic factors due to the deformation constraint between the grains. It is the specific stress condition that appears in the multi-crystalline model.
Results and Discussion

Distribution of Mises equivalent Stress
Shear stress on crystallographic slip system
Plastic deformation of a metal is caused mainly by slip along the close-packed plane of atoms. As gold has a face-centered cubic structure, it possesses 12 slip systems composed of {111} slip planes and <110> slip directions. In a single crystal, the slip behavior is described by Schmid factor, which is determined by crystallographic orientation and loading direction (τ/σ 0 =cosφsinλ (τ: resolved shear stress to the slip direction, σ 0 : nominal stress, φ: angle between the loading axis and the normal of the slip plane, λ: angle between the loading axis and the slip direction)). The Schmid factor is equivalent to the normalized resolved shear stress on the slip system in a single crystal, where the grain boundaries have no effect. In contrast, in a polycrystal composed of multiple grains, the slip behavior in each grain is not generated by the Schmid factor. The distribution of Mises equivalent stress in the multi-crystalline model (Fig. 6) shows that the stress concentration appears at the regions near the vertexes and near the junctions between the dissimilar interface and the specific grain boundary. Therefore, in the discussion that follows we focus on the stress of grains on the dissimilar interface edge, two grains at a vertex (grain A in Fig. 7 ) and away from vertexes (grain B in Fig. 7) . Here, the stress at the point r/L=0.01 away from the dissimilar interface edge is adopted as the representative stress near the interface edge, because the nearest element to the interface might not give correct stress magnitude. Figures  8 and 9 show the resolved shear stresses on the 12 slip systems, τ rss s, in the grain A (x point in grain A in Fig. 7 ) and in grain B (x point in grain B in Fig. 7) , where the stresses are normalized by the nominal stress, σ 0 . The slip planes and the slip directions are termed A-D and 1-3, respectively. The Schmid factors of each grain are plotted for comparison. The slip system with the largest Schmid factor in grain A is A-1. Although the slip system with the largest τ rss /σ 0 is also A-1, its magnitude is about 4 times that of the Schmid factor. As the Schmid factor denotes the normalized resolved shear stress on each slip system in a single crystal, it does not include the effect of grain boundaries. In other words, the Schmid factor represents the ratio τ rss /σ 0 far away from grain boundaries (dissimilar interfaces). Therefore, the local slip behavior in a small-strain should be described by the stress field under the deformation-constraint among the grains (6) - (8) . Hence, Fig. 8 indicates that the slip deformation on the A-1 slip system is more active near the vertex than inside of the grain. Since persistent slip bands developed by the slip activity in a metal induce crack initiation under cyclic loading, the slip plane A near the vertex in grain A is the expected site of fatigue cracking. Meanwhile, the slip system with the largest Schmid factor in the grain B is D-3 (Fig. 9) . The slip system with the largest τ rss /σ 0 is D-2, and the magnitude is about 2 times that of the Schmid factor of D-3. Consequently, active slip and crack initiation along D-2 are expected near the dissimilar interface in grain B.
Under small strain of a polycrystal, slip deformation and crack initiation can be described by the magnitude of τ rss /σ 0 (6)- (8) . Hereafter, we discuss τ mrss as the representative stress that governs the strength of the micro-interconnection. Figure 10 shows the distribution of τ mrss in the multi-crystalline model, where the stress is normalized by the nominal stress, σ 0 . Stress concentrates at the region near the dissimilar interface edges as the distribution of σ Mises /σ 0 . Figure 11 shows the distributions of τ mrss /σ 0 along the edges of the dissimilar interfaces (Top, Bottom), where the reverse triangles and the solid reverse ones denote the locations of the grain boundaries and the vertexes in the micro inter-connection, respectively. High stress regions are found near the vertexes and the grain boundaries. Figure 12 shows τ mrss /σ 0 along the side ridge lines near the eight vertexes in the multi-crystalline model. For comparison, the maximum shear stress, τ max at the corresponding location in the homogeneous model is shown as well. The distributions near the eight vertexes in the homogeneous model are exactly the same because of the symmetry of the model, and this signifies the stress due to macroscopic factors. In the multi-crystalline model, the distributions depend on the vertexes, and the difference among the magnitudes is about two times. Although macroscopic factors such as the shape of the interconnection and the loading condition are the same in the multi-crystalline and polycrystalline models, the stress distributions are different. The stress singular fields near the vertexes follow the equation:
Distribution of τ mrss
where K and λ are the stress intensity factor and the order of stress singularity, respectively. In the multi-crystalline model, λs are almost equal (about 0.57) within the range of r/L = 0.02 to 0.1 although the intensities of the stress are different. This indicates that the microscopic factor mainly influences the degree of stress magnification. The positioning of the stress in the homogeneous model at the center of the fluctuation in the multi-crystalline model points out that the homogeneous model gives a standard measure in the discussion on stress in the multi-crystalline model.
Structural factors that influence on stress distribution
Both the macro-and the microscopic factors influence the variation of the stress distribution near the dissimilar interface edge. The homogeneous model has only the macroscopic factors. Figure 14 shows the maximum shear stresses along the normal lines shown in Fig.13 from points A and B on the top dissimilar interface edge, which are designated τ max, A and τ max, B , respectively. The distributions are different, and this signifies the effect of macroscopic factors. λs within the range of r/L = 0.02 to 0.08 are 0.535 (point Fig. 10 Contour map of τmrss/σ0 on each side surface of the multi-crystalline model. A) and 0.471 (point B), because the stress singularity at the vertex is generally stronger than that at the two-dimensional interface edge (12) . τ max, B increases near the center part of the micro-interconnection (r/L = 0.5), because the surface near the center part becomes reentrant owing to the necking. The variation of stress distribution due to the microscopic factors depends on the crystallographic structure, such as grain shape and crystallographic orientation. The variation that fluctuates around that due to the macroscopic factors in the homogeneous model in Fig. 12 is induced by the microscopic factors. 
Statistical evaluation of stress distribution due to microscopic factors
Microstructural parameter α
The stress distribution due to the microscopic factors is dependent on the shapes, locations, and crystallographic orientations of grains. Hence, the effect cannot be analyzed by the result in a model, and statistical data must be investigated. Therefore, nine multi-crystalline models composed of grains different from those of the model shown in Fig. 4 are prepared, and the variation of stress distributions due to the microscopic factors is examined. The analytical conditions other than crystal structure are the same as those in the model shown in Fig. 4 . In order to extract the effect of the microscopic factors, we introduce a parameter α, where the stress in the multi-crystalline model is divided by that at the corresponding location in the homogeneous model, The suffixes "homo" and "multi" denote the homogeneous and the multi-crystalline models, respectively. Figure 15 shows the distributions of α along the ridge lines from the vertexes in the multi-crystalline model shown in Fig. 4 . Within the range of r/L = 0.02 to 0.08 where the stress singularity exists, α are approximately constant. This indicates that the effect of the microscopic factors on λ is small. 4.5.2 Stress distribution near vertexes Figure 16 shows the distribution curves of τ mrss /σ 0 along the ridge lines from the 8 vertexes in a total of 10 multi-crystalline models. The total number of the curves is 80. The stress singular field, represented by equation (2), falls within the range of r/L = 0.02 to 0.08 in all curves. Figure 17 shows the distribution curves of α. α fluctuates around α=1.0, which is the value in the homogeneous model. The width of the variation is almost constant, independently of r/L. This indicates that the degree of stress magnification due to the microscopic factors is constant over the ridge lines. Statistical estimation is performed on the α at r/L =0.01 extracted as the representative value. Figure 18 Figure 19 shows the distribution curves of τ mrss /σ 0 along the grain boundaries from the dissimilar interface edges in a total of 10 multi-crystalline models, when the total number of grain boundaries is 99. The stress singular field, represented by equation (2), falls within the range of r/L = 0.01 to 0.08 in all grain boundaries. Figure 20 shows the distribution curves Cumulative probability plots and normal probability plots of α.
Stress distribution along grain boundaries
Conclusion
The stress distribution in the Au micro-interconnection used for a three-dimensional chip-stacking LSI was estimated by finite element method analyses using multi-crystalline models composed of multiple grains. The results can be summarized as follows.
1. Due to the macroscopic factors, stress concentrates on the regions near the dissimilar interface edges between the micro-interconnection and the substrates and near the vertexes of the micro-interconnection. A stress singularity exists near the dissimilar interface edge. 2. A high stress region is located near the junction between the dissimilar interface edge and the grain boundary because of the microscopic factors, which are due to the deformation constraint between the grains. 3. At the stress singular field near the dissimilar interface edge, the microscopic factors have little influence on the order of singularity, λ; it mainly changes its intensity. 4. Significant stress variation is found in the micro-interconnection owing to the microscopic factors. The variation is up to the twice the stress distribution in the homogeneous model. 5. The variation of stress distribution in the micro-interconnection is due to both macroand microscopic factors. 6. The variation of stress distribution due to the microscopic factors obeys the normal distribution.
